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Abstract

Cancer chemoprevention is a process of using either natural or synthetic compounds to reduce the risk of
developing cancer. Observations that NF-E2-related factor 2 (Nrf2)-deficient mice lack response to some che-
mopreventive agents point to the important role of Nrf2 in chemoprevention. Nrf2 is a member of basic-leucine
zipper transcription factor family and has been shown to regulate gene expression by binding to a response
element, antioxidant responsive element. It is generally believed that activation of Nrf2 signaling is an adaptive
response to the environmental and endogenous stresses. Under homeostatic conditions, Nrf2 is suppressed by
association with Kelch-like ECH-associated protein 1 (Keap1), but is stimulated upon exposure to oxidative or
electrophilic stress. Once activated, Nrf2 translocates into nuclei and upregulates a group of genes that act in
concert to combat oxidative stress. Nrf2 is also shown to have protective function against inflammation, a
pathological process that could contribute to carcinogenesis. In this review, we will discuss the current progress
in the study of Nrf2 signaling, in particular, the mechanisms of Nrf2 activation by chemopreventive agents. We
will also discuss some of the potential caveats of Nrf2 in cancer treatment and future opportunity and challenges
on regulation of Nrf2-mediated antioxidant and antiinflammatory signaling in the context of cancer prevention.

Antioxid. Redox Signal. 13, 1679-1698.

Introduction

D ESPITE THE TREMENDOUS PROGRESS in the early detection
and treatment of cancer, overall mortality rates for most
cancers of epithelial origin have not declined for the past three
decades (49). Thus, much attention has been directed to cancer
prevention in recent years. Research using animal models has
offered better understanding of cancer development. Carci-
nogenesis can be viewed as a multistep process in which the
genes controlling proliferation, differentiation, and apoptosis
are transformed and altered under selective environmental
pressures (14). Generally speaking, tumor development in-
volves three distinct, yet closely linked, phases: initiation,
promotion, and progression (13, 47). The initiation phase is a
rapid and irreversible event that occurs when a normal cell is
exposed to a carcinogenic event. Often, the unrepairable or
misrepaired DNA damage happens in the initiation phase.
Promotion and progression processes are relatively longer
processes than the initiation stage, and are considered re-

versible. By using various animal cancer models (18, 23, 134),
scientists found that all three cancer development stages can
be intervened by treatment with natural or synthetic chemi-
cals (Fig. 1). Epidemiological and population studies also es-
tablished a close relationship between incidence of cancer and
consumption of certain types of food (147, 169). The term
“chemoprevention” was first coined by Michael Sporn in
1976, when he referred to the prevention of malignancy de-
velopment by vitamin A and its synthetic analogs (141). Since
then, chemoprevention has been adopted as one of the major
tactics to modulate the process of carcinogenesis (49, 76).
Many years of study have proven that this strategy is indeed
effective in reducing the incidence of cancer in the well-
defined high-risk groups (67, 76). Chemoprevention, hence by
definition, is the use of pharmacologic or natural agents to
inhibit the development of invasive cancer. The chemicals
with a cancer preventive activity are referred to as chemo-
preventive agents. A chemopreventive agent can inhibit car-
cinogenesis either by blocking the DNA damage at initiation

]Department of Physiology, School of Pharmacy, China Pharmaceutical University, Nanjing, China.
2Depart’ment of Pharmaceutics, Center for Cancer Prevention Research, Ernest-Mario School of Pharmacy, Rutgers, the State University of

New Jersey, Piscataway, New Jersey.

®Department of Neurosurgery, The Vivian L. Smith Center for Neurologic Research, The University of Texas-Health Science Center at

Houston, Houston, Texas.

1679



1680

Carcinogen, radiation Tumor promoter

v

Promotion
—

Initiation
—

Normal cells Initiated cells

HU ET AL.

Progression
—

Preneoplastic cells
Neoplastic cells

Blocking agents

Suppressing agents

| Chemopreventive agents

FIG.1. Chemopreventive agents that block or suppress multistage carcinogenesis. Carcinogenesis is a multistep process.
The initiation step is started by the transformation of the normal cell into a cancer cell (initiated cell). These cells undergo
tumor promotion into preneoplastic cells, which progress to neoplastic cells. Chemopreventive agents can interfere with
different steps of this process. Some agents inhibit metabolic activation of the procarcinogens to their ultimate electrophilic
species, or their subsequent interaction with DNA. These agents therefore block tumor initiation (blocking agents). Alter-
natively, blocking agents can stimulate the detoxification of carcinogens, leading to their secretion from the body. Other
agents suppress the later steps (promotion and progression) of multistage carcinogenesis (suppressing agents). Some agents

can act as both blocking and suppressing agents.

stage or by arresting or reversing the processes at promotion
and progression stages (49, 76, 141). Nevertheless, an effective
chemopreventive agent should be able to interfere with the
early stages of carcinogenesis and to eliminate premalignant
cells before they become malignant (49, 75, 140, 162).

Most of the chemical substances used in cancer chemo-
prevention studies are natural phytochemicals found in food
(143). On the basis of the inhibition stages, Wattenberg has
classified chemopreventive agents into two categories—
blocking agents and suppressing agents (161). Blocking
agents act by preventing carcinogens from reaching the target
sites, from undergoing metabolic activation, or from subse-
quently interacting with crucial cellular macromolecules such
as DNA, RNA, and proteins at initiation stages. Suppressing
agents, on the other hand, inhibit the malignant transformation
of initiated cells at either the promotion or the progression
stage. Some agents may work on all three stages of carcino-
genesis, and are hence classified into both categories (Fig. 1).

Many different animal models and cancer cell lines have
been used to evaluate the chemopreventive values of phyto-
chemicals, and have led to the discovery of new classes of
chemopreventive agents, such as isothiocyanates from cru-
ciferous vegetables, polyphenols from green and black tea,
and flavonoids from soybeans (143) (Fig. 2). Progress has been
also made in understanding the mode of action of newly
identified chemopreventive agents. Exposure to the chemo-
preventive agents produces certain level of reactive oxygen
species (ROS) or electrophiles, and causes mild oxida-
tive/electrophilic stresses in cells (20, 84, 125). Such mild
oxidative stresses are sufficient to initiate the signaling
pathways that, in turn, can activate a variety of cellular
events, such as induction of phase II detoxification enzymes
and antioxidant enzymes, expression of tumor-suppressor

genes, and inhibition of cell proliferation and angiogenesis
(51). Although the signal transduction pathways in response
to oxidative and/or electrophilic stress have been studied
extensively for many years, our understanding in the cutting-
edge area of redox signaling and cancer chemoprevention is
still in its infancy. In this review, we will discuss the current
progress in study of NF-E2-related factor 2 (N1f2) signaling, in
particular, the mechanisms of Nrf2 activation by chemopre-
ventive agents. Future challenges on regulation of Nrf2-
mediated antioxidant and antiinflammatory signaling in the
context of cancer prevention will also be discussed.

Kelch-Like ECH-Associated Protein 1-Nrf2-Antioxidant
Responsive Element Signaling

To survive under a variety of environmental or intracellu-
lar stresses, eukaryotic cells have developed elaborate yet
highly efficient cyto-protective machinery to protect them-
selves from oxidative or electrophilic challenges (57, 92).
Proteins that comprise phase II detoxification and antioxi-
dant enzymes provide an enzymatic line of defense against
electrophiles and ROS. Among the family of phase II and
antioxidant enzymes are glutathione S-transferase (GST),
UDP-glucuronosyltransferase, heme oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase 1 (NQO1), and glutamate
cysteine ligase (gamma glutamylcysteine synthetase). Induc-
tion of phase II and antioxidant enzymes are coordinately
regulated through a consensus cis-element at the 5'-flanking
promoter region, named antioxidant responsive element
(ARE) (33, 136) or electrophile response element (34) (for
simplicity, we will use ARE from here on). ARE-mediated
gene expression plays a central role in the cellular defense
against cellular oxidative damage. Ample experimental evi-
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FIG. 2. Chemical structures of selected chemopreventive agents with ability to activate the NF-E2-related factor

2-antioxidant responsive element signaling pathway.

dence also supports the view that induction of ARE-mediated
cytoprotective enzymes is a critical and sufficient mechanism
to enable protection against carcinogenesis provoked by en-
vironmental and endogenous insults.

One of the key ARE-binding transcription factors is Nrf2
(108). Induction of cytoprotective enzymes in response to
ROS, electrophiles, and chemopreventive agents is a cellular
event that is highly dependent on Nrf2 protein. By activating
Nrf2 signaling, chemopreventive agents are able to increase
cellular detoxification and antioxidant enzymes, thereby en-
hancing removal of reactive carcinogens and blocking carci-
nogenesis. This hypothesis has been tested in many studies.
For example, when investigating the chemoprotective effect
of oltipraz in human subjects having a high incidence of liver
cancer, Kensler’s group found that oral administration of ol-
tipraz significantly enhanced the urinary excretion of the
phase II conjugation products of the carcinogen aflatoxin (77).
Another study with sulforaphane (SFN), an isothiocyanate
present abundantly in cruciferous vegetables, has shown that
oral administration of SFN could effectively block benzola]-
pyrene-induced forestomach tumors in ICR mice and this
protective effect of SEN was abrogated in the Nrf2 knockout

(Nrf2 KO) mice (31), supporting a critical role of phase II de-
toxification and antioxidant enzymes in prevention of carci-
nogenesis by chemopreventive agents.

Given the different chemical nature of Nrf2 inducers (128),
a mechanism of activation requiring the interaction of Nrf2
inducers with a structurally complementary receptor appears
to be quite unlikely. However, many Nrf2 inducers and che-
mopreventive agents exhibit prooxidant and electrophilic
property and may generate different levels of oxidative stress,
depending on their doses. It would be reasonable to speculate
that a mild oxidative stress generated by chemopreventive
agents at appropriate concentrations is sufficient to activate Nrf2
signaling, but not strong enough to cause any adverse effect
such as DNA damage or cells death. Activation of Nrf2
signaling further induces detoxification and antioxidant en-
zymes, thus protecting cells from damage by more active
oxidants or electrophiles, such as carcinogens.

Nrf2 was initially discovered in a screen that utilized a
tandem repeat of the consensus AP-1 and NF-E2-binding se-
quences identified in the 5’ locus control region of f-globin
gene (108). Nrf2 belongs to basic-leucine zipper (bZip) tran-
scription factor family and has six highly conserved domains
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factor 2; NTR, N-terminal region.

called Nrf2-ECH homology (Neh) domains (Fig. 3A). The
Nehl contains a bZip DNA binding motif that enables Nrf2 to
interact other bZip transcription factor and form a hetero-
dimer on ARE (109). The Neh3 domain has been shown to
function as a transactivation domain and might be involved in
interaction with components of transcriptional apparatus
(118). The Neh6 domain may contain a degron that contrib-
utes to Nrf2 degradation (107). Neh4 and Neh5 domains are
found to cooperatively bind with the KIX and CH3 domains
of coactivator CBP and to enhance Nrf2 transcription activity
(74). The Neh2 domain located at the N-terminus mediates
binding with Kelch-like ECH-associated protein 1 (Keapl), a
cytosolic protein that inhibits Nrf2 signaling by promoting
Nrf2 degradation through ubiquitin/proteasome pathway
(73, 109). Similar to many other transcription factors, Nrf2 is
subject to regulation by cellular localization. Under basal
condition, majority of Nrf2 molecules are found to be in the
cytoplasm. Upon exposure to the oxidative stresses, Nrf2 can
quickly translocate into the nucleus (60, 123, 164) and form a
heterodimer with small musculoaponeurotic fibrosarcoma
(Maf) protein (59), which then binds to ARE and enhances
transcription of a group of genes that encode phase II detoxi-
fication and antioxidant enzymes (28, 121, 126). Many years of
research establish that a signal transduction pathway consist-
ing of Keapl-Nrf2-sMaf-ARE is a primary sensor of the sig-
naling generated by electrophiles and chemopreventive agents,
and is essential for elicitation of the antioxidant response.

Keap1

Keap1 plays a central role in the regulation of Nrf2 ac-
tivity. Keapl was isolated as a Nrf2-associating protein by
using a yeast two-hybrid screening system (35). Knockout of
Keapl1 resulted in constitutive activation Nrf2 signaling (121,
156, 157). Keapl is a 69-kDa cytosolic protein with high ho-
mology to Drosophila actin-binding protein Kelch (61). Pri-

mary sequence and alignment analysis reveals that human
Keapl consists of five domains: (i) the N-terminal region
(a.a. 1-66), (ii) broad complex, tramtrack, and bric a brac
domain (BTB, a.a. 67-178), (iii) an cysteine-rich intervening
region (IVR, a.a. 179-321), (iv) double glycine/Kelch repeat
region (DGR a.a. 322-608), and (v) C-terminal region (CTR,
a.a. 609-625) (29) (Fig. 3B). Keapl was observed to locate
mainly in the cytoplasm, presumably by association with
F-actin or myosin VIIa through the Kelch domain (61, 69, 70,
153). Accordingly, Keapl is hypothesized to be a cytosolic
anchor protein that sequesters Nrf2 in cytoplasm under
the unstimulated condition. Site-directed mutagenesis of
a conserved serine (5104A) within the Keapl BTB domain
revealed that Nrf2 is indeed sequestered in cytoplasm
by Keapl (182). A recent study using transgenic animal-
originated cells demonstrated that direct interaction be-
tween the Neh2 domain of Nrf2 and Kelch repeat domain of
Keapl is essential for retaining of Nrf2 in the cytoplasm by
Keapl (70). Keapl also contains a strong nuclear exporting
signal (NES) sequence in the IVR domain, which may play a
major role in determining the subcellular distribution of
Keapl (72,142, 154). Keap1 is identified to be associated with
Cullin-3, a scaffold protein responsible for formation of an
ubiquitin ligase E3 complex (25, 36, 87, 177). It is now clear
that Keapl may not only dictate Nrf2 localization, but also
actively targets Nrf2 to degradation.

Due to its high cysteine content, Keapl was proposed to
be the sought-after sensor of ARE inducers soon after its
discovery as a suppressor of Nrf2 transcriptional activity
(128). Convincing evidence has since accumulated that the
cysteine residues in Keapl indeed play an important role in
sensing the presence of ARE inducers and oxidative stress.
Several independent studies have demonstrated that the
sulfhydryl groups of several Keapl cysteine residues can be
directly modified by oxidation, reduction, or alkylation.
Among these cysteine residues, Cys151, 273, and 288 appear
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to be essential for regulating Nrf2 function (90, 102, 168,
176). Mutation of Keapl Cys151 to Ser did not affect Nrf2
degradation by Keapl, but abolished response to electro-
philes and oxidants (176). The role of Cys151 in repression of
Nrf2 ubiquitination by electrophiles or oxidants has been
verified in vivo (168). Mutation of either Cys273 or Cys288
residues prevented Keapl from degrading Nrf2 protein,
pointing to a critical role of these cysteine residues in Keap1-
mediated Nrf2 ubiquitination (150, 176). A recent study
confirmed that the Cys273 and Cys288 amino acids are es-
sential for Nrf2 degradation by Keap1; however, mutation of
these two cysteine residues does not affect interaction of
Nrf2 and Keapl (88). Further, both C273A and C288A mu-
tants are able to complement each other in degradation of
Nrf2 protein when coexpressed in cells (156). However, later,
the same laboratory has reported that simultaneous expres-
sion of C273A and C288A mutant proteins in mice could not
rescue Keapl null mice from juvenile lethality and repress
Nrf2 at all (168). Putting together, these studies demonstrate
the significance of multiple Keapl cysteine residues in
sensing the presence of oxidants and electrophiles, although
it is not clear how the modification of those cysteine residues
alters Keap1 function.

Like Nrf2, Keapl also was reported to be subject to
ubiquitination, but its degradation was proteasome inde-
pendent, which may play a role in activation of Nrf2 sig-
naling by ARE inducers (178). However, different ARE
inducers appear to have very different effects on Keapl
ubiquitination and stability. Zhang et al. first proposed
that tert-butylhydroquinone (tBHQ)-induced ubiquitina-
tion of Keap1 results in increased degradation of Keap1 by
a proteasome-independent mechanism. They observed
that, unlike tBHQ, SEN treatment did not cause any Keap1l
ubiquitination and degradation. They also noted that the
increased Keap1 degradation occurred through a pathway
independent of C151, which has been shown to be essen-
tial for regulation of Nrf2 degradation. Other groups also
observed effects of ARE inducers on Keap1 ubiquitination
and stability. For example, Hong et al. (48) noted that
electrophilic adduction to Keap1 cysteine residues coin-
cided with the increase of Keapl ubiquitination at
K298 and stabilization of Nrf2 protein in the cells exposed
to N-iodoacetyl-N-biotinylhexylenediamine. Treatment of
HepG2 cells with quercetin was found also to decrease
endogenous Keapl levels, although change in Keap1l ubi-
quitination was detected (145). These studies suggest that
ubiquitination and subsequent degradation of Keapl
might be a mechanism of Nrf2 induction after exposure to
certain ARE inducers. However, further studies are nee-
ded to clarify whether the different findings are conse-
quence of using different cell lines or different ARE
inducers. Studies are also needed to determine whether
medication of Keapl cysteine residues play the role in
Keap1 ubiquitination.

The “hinge and latch” two-site binding model

Keapl is characterized as a substrate adaptor protein for a
cullin-3-based ubiquitin E3 ligase and is essential for ubiqui-
tination of Nrf2 (25, 36, 87, 177). Keapl has two functional
domains: the Kelch/DGR domain, which binds Nrf2, and the
BTB domain, which is responsible for homodimerization and
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interaction with the N-terminus of cullin-3 (25, 36, 87,177). On
the basis of sequence homology and mutation analyses (73,
89, 107), it was reported that Nrf2 has two Keapl binding
motifs in the Neh2 domain: an ETGE motif, which locates at
the N-terminal region and is important for ubiquitination of
Nrf2 (73, 107), and a DLG motif, which is essential for in-
teracting with Keap1 (89) (Fig. 3A). The ETGE motif and the
DLG motif mediate a cooperative binding to Keap1. Deletion
of the ETGE motif significantly weakened Keapl binding
mediated by the DLG motif; therefore, the ETGE motif ap-
pears to play a permissive role for the DLG motif. Recently,
isothermal calorimetry measurement also detected a two-
phase binding between Keap1 and Neh2. The Keap1 binding
affinity of the ETGE motif is almost two orders of magnitude
stronger than the DLG motif (148). In addition, seven lysine
residues of the Neh2 domain, which reside upstream of the
ETGE motif, have been shown to be indispensable for
Keapl-dependent poly-ubiquitination and degradation of
Nrf2 (177).

A “hinge and latch” two-site binding model is proposed
(149). Two Keapl molecules form homodimer via their BTB
domain (182). The high affinity ETGE motif functions as a
hinge to pin down Neh?2 to Keap1, while the low affinity DLG
motif functions as a latch. Linking the hinge and the latch
motif is a lysine-rich central o-helix. In this nine-turns o-helix,
six of seven lysine residues are located on one side of the
helical surface (148). Since these lysine residues are targets for
Keap1-mediated ubiquitination by E3 ligase (177), these lysine
residues are speculated to be biologically important for the
regulation of Nrf2 stability. When the latch is in position, it
helps to set the central a-helix in an adequate orientation to
expose these lysine residues (177).

The two-site binding is relatively unstable. The low af-
finity latch binding may be more vulnerable to the confor-
mation change of Keapl dimer resulted from oxidative
modification. It is proposed that the DLG motif may possess
the signaling switch for the repressive regulation of Nrf2 via
the Keapl-dependent ubiquitination and proteasomal deg-
radation. The switch from two-site binding to one-site
binding may explain the observed facts that the inhibition of
Nrf2 degradation is not at the expense of Keapl/Nrf2
binding. Only recently, the X-ray crystallography structure
of mouse Keapl homodimer was reported. Three-dimen-
sional reconstruction at 24-A resolution revealed two large
spheres attached by short linker arms to the sides of a small
forked-stem structure, resembling a cherry-bob. Each sphere
has a tunnel corresponding to the central hole of the f-
propeller domain, as determined by X-ray crystallography.
The IVR domain appears to surround the core of the f-
propeller domain. The unexpected proximity of IVR to the
p-propeller domain suggests that any distortions generated
during modification of reactive cysteine residues in the IVR
domain may send a derepression signal to the f-propeller
domain and thereby stabilize Nrf2. This study thus provides
a structural basis for the two-site binding and hinge-latch
model of stress sensing by the Nrf2-Keap1l system (120).

Nrf2

In human Nrf2 protein, one bipartite nuclear localization
signal (NLS) was identified in the basic region, named bi-
partite nuclear localization signal at the basic region (bNLS)
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(62, 100). In addition, a monopartite NLS was characterized
at the amino-terminus (NLSy) and another monopartite NLS
was identified at the carboxyl-terminus (NLSc) of human
and murine Nrf2 (146). One NES was characterized in the
ZIP dimerization domain, named NESzip (62, 100). Recently,
another NES was characterized in the Neh5 transactivation
(TA) domain, named NESt, (103). In full-length wild-type
(WT) Nrf2, the combined nuclear exporting activities of
NESra and NESzip appear to be able to counter balance the
nuclear importing activities mediated by bNLS, NLSy;, and
NLSc motifs. We have shown that when expression of a
green fluorescence protein (EGFP)-tagged Nrf2 was en-
hanced in HeLa cells, a heterogeneous distribution pattern of
EGFP-Nrf2 was observed. Nearly 60% cells showed whole
cell distribution, 30% cells showed nuclear distribution, and
12% cells showed cytosolic distribution (103). Mutation of
single key leucine residue in the NES motif, such as L184 in
the NESt, motif and L.544 in the NESzip motif, was sufficient
to abolish their nuclear exporting activity (100, 103). Muta-
tion of either the L1184 residue or the 1544 residue in full-
length Nrf2 was sufficient to convert the heterogeneous
distribution of EGFP-Nrf2 to the homogeneous nuclear dis-
tribution pattern (103), suggesting that both the NESt, and
NESzip motifs are indispensable for balancing the effect of
bNLS, NLSy;, and NLSc motif. We also found that the NESt,
motif was redox sensitive (103), but not the bNLS motif and
the NESzip motif (100). The redox sensitivity of the NLSy
and NLSc motif has not been determined and was specu-
lated to be redox insensitive, since no cysteine residue exists
in these two NLS motifs (102).

As discussed above, Nrf2 contains a redox-sensitive NES
motif; it is, therefore, reasonable to assume that Nrf2 by itself
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can sense and transducer redox signaling. We speculate that,
under homeostatic conditions, both the NLS and the NES
counteract each other and reach a dynamic balance; as a re-
sult, Nrf2 exhibits whole cell distribution. The presence of
Nrf2 in nuclei may account for the basal or constitutive Nrf2
activities. When challenged with oxidative stress, the redox-
sensitive NESt, is disabled, whereas the redox-insensitive
NLS remains functional (15, 100), leading to predominant
nuclear distribution of Nrf2. Nrf2 consists of a constitutively
active NESzip bNLS-NLSN-NLS¢ tandem and a conditional
NESts motif. The NESy, motif may function as a redox-
sensitive switch to determine Nrf2 localization under different
redox conditions.

A redox-signaling model of the antioxidant response

Accumulating evidence showed that Keapl-mediated Nrf2
ubiquitination is highly sensitive to redox status, although
Keap1/Nrf2 dissociation is relatively insensitive. Nrf2 nuclear
translocation also has high redox sensitivity. Accordingly, we
propose a redox-signaling model for activation of Nrf2 sig-
naling by oxidative stress (Fig. 4). There are two pools of Nrf2
proteins in cells: the free-floating Nrf2 (fNrf2) and the Keap1-
binding Nrf2 (kNrf2). Under homeostatic condition, kNrf2 are
constantly degraded through ubiquitin/proteasome path-
way, and cells will maintain a relatively small size of fNrf2
pool when the equilibrium is reached between Nrf2 synthesis
and its degradation. However, upon exposure to oxidative
stress, the Keapl-mediated redox-sensitive Nrf2 ubiquitina-
tion and degradation is impeded, and the pool of fNrf2 pro-
teins begins to expand (129, 175, 178). The fNrf2 proteins can
further response to the redox signals and translocate into the

B
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Oxidative .
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FIG. 4. Hypothetic model of Nrf2-mediated redox signaling. There are two pools of Nrf2 proteins, fNrf2 and kNrf2.
Under homeostatic conditions (A), kNrf2 binds to Keap1l dimer via a high affinity ETGE (hinge) motif and a low affinity DLG
(latch) motif. The two-site binding exposes the Ub-acceptor site(s) in Nrf2. Ubiquitinated Nrf2 proteins are destined to
proteasomal degradation. There appears to be an equilibrium between protein synthesis and degradation. As a result, there is
only a small pool of fNrf2, contributing to basal activation. When stimulated by oxidative stress or upstream kinases (B), the
conformation change of the Keapl dimer, probably viz intermolecular disulfide bond formation, disrupts the two-
site binding. As a result, the Ub-acceptor site(s) is/are not easily accessible. The ubiquitination and the proteasomal degra-
dation of Nrf2 are impeded and Keapl is saturated by kNrf2. Nrf2 protein synthesis, however, is elevated. As a consequence,
the pool of fNrf2 expands and it can transmit redox signals to cell nucleus via gradient nuclear translocation. fNrf2, free-
floating Nrf2; Keapl, Kelch-like ECH-associated protein 1; kNrf2, Keapl-binding Nrf2; Nrf2, NF-E2-related factor 2; Ub,
ubiquitination.
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nucleus. On the basis of this model, the size of {Nrf2 pool is
believed to be a key determinant of the magnitude of anti-
oxidant response (170). If cells have more fNrf2, same amount
of ROS may elicit more Nrf2 influx into the nucleus and
consequently induce a stronger antioxidant response. Thus, it
would be more reasonable to hypothesize that both Keapl
and Nrf2 are functioning as redox sensors in response to ox-
idative stress.

This model may explain the chemoprotective effect of
phase II enzyme inducers. Treatment with a low dosage of
phase II enzyme inducers can impede Keapl-mediated ubi-
quitination of Nrf2 and expand the fNrf2 pool. As such, the
phase II inducers exert a priming effect to tune up the overall
redox sensitivity of the cell. Once the cell confronts oxidative
stress, it can readily initiate an effective antioxidant response
to neutralize the oxidative toxicity and restore redox homeo-
stasis.

Regulation of Nrf2 signaling by other pathways

Other signaling pathways have been reported to influence
Keap1-Nrf2-sMaf-ARE signaling, among which are several
kinases, such as protein kinase C (PKC), mitogen-activated
protein kinases (MAPKSs), phosphatidylinositol 3-kinase
(PI3K), and PKR-like endoplasmic reticulum kinase (PERK)
(24, 53, 99, 170). Activation of the extracellular signal-
regulated protein kinase 2 (ERK2) and c-Jun NH(2)-terminal
kinase-1 (JNK1) pathway appeared to enhance Nrf2 signaling
(6,137,167,170,171,180, 181). In contrast, the activation of the
p38 MAPK pathway appeared to inhibit Nrf2 signaling (79,
137, 172, 181). Most recently, it was found that phosphoryla-
tion of Nrf2 by p38 increases Keapl/Nrf2 binding (79). This
finding suggests that p38 may inhibit Nrf2 signaling by en-
hancing Keap1 sequestering of Nrf2 in cytoplasm. By using a
cell-free system, Huang et al. have demonstrated that PKC can
directly phosphorylate Nrf2 at Serine 40 (52), thereby pro-
moting its dissociation from Keap1 (16, 53, 119). PI3K is also
reported to play a role in Nrf2 activation (68, 69, 99, 113). In
response to oxidative stress, PI3K signaling is activated and
results in depolymerization of actin microfilaments, which
somehow facilitates Nrf2 nuclear translocation (69). PERK has
been shown to phosphorylate Nrf2 and enhance its nuclear
translocation by disrupting Keap1 binding (24).

Several coactivators, like p160 and CBP/p300, are shown to
interact with the Nrf2-Maf-ARE complex and enhance Nrf2
transcriptional activity (74, 179). A recent study shows that
activation of ERK and JNK pathways promotes recruitment of
coactivator to the transcription initiation complex and upre-
gulates Nrf2 transcriptional activity (137).

Nrf2 and Chemoprevention

Cancer has been reported to be a leading cause of death
in the United States (64). As discussed earlier, carcinogenesis
is a multistep process, thus providing numerous opportuni-
ties for cancer prevention. At this time, prevention could be
very costly, but it could be the best approach toward cancer
managements. It is estimated that it would cost clinical pre-
vention in the United States from under $US2,000 to over
$US6,000,000 per life-year saved (54). Even so, American so-
ciety would appear to be willing to pay for such costly cancer
prevention programs since the disease inflicts great pains and
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the burden for treatment is overwhelming. The good news is,
cancer is a preventable disease. After going through the re-
view of previous section on Keap-Nrf2-ARE signaling, it is
timely to enter into the topic on regulation of Nrf2 signaling
for cancer chemoprevention.

Current studies have shown that some chemopreventive
compounds are not only effective in animal models, but
also promising in the on-going clinical trials (50). In general,
chemopreventive compounds may work via multifaceted
molecular pathways (4, 46, 66), such as by suppressing in-
flammation, cell proliferation, invasion, and angiogenesis of
tumor cells (5), and by enhancing the antioxidant response
(102, 174). A growing body of evidence justifies that targeting
the Nrf2 pathway is a viable approach in cancer prevention
(82, 83, 94, 112).

The first in vivo evidence showing a critical role of Nrf2 in
induction of phase II detoxification enzymes was published in
1997 (58). By using Nrf2-deficient (Nrf2 KO) mice, Ito et al.
found that the magnitude of GST and NQO1 induction was
significantly lower in the Nrf2-deficient mice than that in Nrf2
heterozygous mice. Such a critical role of Nrf2 in activation of
phase II antioxidant genes has been further confirmed in
many studies using Nrf2-deficient mice (Table 1). An imme-
diate application of this finding in cancer prevention is to test
the anticarcinogenic activity of chemopreventive compounds
in Nrf2 KO mice. Figure 5 has shown how the Nrf2 pathway
protects mice from carcinogen-induced neoplastic transfor-
mation. As Nrf2 is disrupted, induction of cytoprotective
phase II enzymes is impaired. When Nrf2 KO mice are ex-
posed to carcinogens, the uncontrollable oxidative stress
generated by carcinogens would damage DNA and induce
persistent inflammation, which, in turn, increases genomic
instability and enhance neoplastic transformation. In com-
parison with Nrf2 KO mice, the WT mice maintain normal
induction of phase II detoxification enzymes, and hence limit
the cytotoxic effect of carcinogen-generated oxidative stress.
Many chemopreventive compounds have been shown to in-
duce phase II detoxification enzymes through a mechanism
dependent on Keap1-Nrf2-ARE signaling (Fig. 2). Thus, it has
been hypothesized that chemopreventive agents may act as
oxidants or electrophiles to modify several key cysteine resi-
dues of Keapl, thereby preventing Nrf2 degradation; mean-
while, chemopreventive-agent-generated redox signal may
directly act on Nrf2 molecules and enhance their nuclear lo-
calization. Given the important role of Nrf2 in protection
against carcinogenesis, attempts have been made to develop
more effective chemopreventive agents by targeting Nrf2
pathway.

Nrf2 and Antiinflammation—Nrf2 KO-Dextran
Sulfate Sodium and Azoxymethane-Dextran
Sulfate Sodium Colon Model

Current studies have linked chronic inflammation to cancer
development (105). Colorectal cancer (CRC) is one of the
classic examples that demonstrate a close relationship be-
tween chronic inflammation and carcinogenesis (106) (Fig.
6A). Treatment of animals with dextran sulfate sodium
(DSS) has been shown to induce colitis, a chronic inflam-
matory disease, whereas treatment of animals with both
azoxymethane (AOM) and DSS induces CRC. Using Nrf2 KO
mice, we found that disruption of Nrf2 gene renders animals
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TABLE 1. DEPENDENCY OF CARCINOGENESIS AND CHEMOPREVENTION ON NRF2-KNockouT IN Vivo MODELS

Carcinogen /chemopreventive

compounds Model Phenotype /outcome Reference
Phenolic Heterozygous/homozygous The magnitude of the 58
antioxidant Nrf2 KO mice induction of GST
butylated and NQOI1 genes was
hydroxyanisole significantly lower in
the homozygous Nrf2
KO than in the Nrf2
heterozygous mouse.
BaP/oltipraz, Nrf2 WT vs. Nrf2 KO mice Constitutive hepatic and 132, 133

a substituted
1,2-dithiole-3-thione
(4-methyl-5-[2-pyrazinyl]-
1,2-dithiole-3-thione)

gastric activities of GST
and NQO1 | 50%—-80%
in Nrf2 KO vs. Nrf2 WT mice
Nrf2 KO mice had a
significantly 1 burden
of gastric neoplasia
after treatment with
BaP than did WT mice.
Oltipraz significantly |
multiplicity of gastric
neoplasia in WT mice
by 55%, but had no
effect on tumor burden
in Nrf2 KO mice.
1 BaP-DNA adduct in the
forestomach of
Nrf2 KO mice
Hepatic activities of GST 93, 95
and NQO1 1 by D3T in
WT mice but not in
Nrf2 KO mice
NQOT1 in liver, forestomach,
and kidney 1 by oltipraz
significantly in WT mice
but not in Nrf2 KO mice
Basal activity of hepatic,
forestomach, and kidney
NQOT1 in Nrf2 KO mice
was 70% | than in WT mice.
1 significantly BaP-evoked 31
forestomach tumors in
Nrf2 KO mice, which was
blocked by SEN significantly
in WT mice. This protection
resulted from 1 phase II enzymes.
1 DNA adducts formation 8
in the lungs, severe hyperplasia,
and accumulation of the
oxidative DNA adduct
8-hydroxydeoxyguanosine
in the bronchial epidermis
in Nrf2 KO mice
1 spontaneous mutation of 7
the lung gpt gene in
Nrf2 KO mice
1 the lung mutation frequency
3.1- and 6.1-fold in nrf2 "/~
and nrf2~/~ mice, respectively,
compared with BaP-untreated
nrf2*/~ mice, showing that
nrf2 /" mice are more
susceptible to genotoxic
carcinogens

D3T/oltipraz Nrf2 WT vs. Nrf2 KO mice

BaP/SFN Nrf2 WT vs. Nrf2 KO mice

Diesel exhaust Heterozygous/homozygous

Nrf2 KO mice

BaP Transgenic mice
harboring gpt
with heterozygous/
homozygous Nrf2
KO mice (nrf2"/~:gpt
and nrf2 /" ::gpt mice)
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TABLE 1. (CONTINUED)

Carcinogen /chemopreventive
compounds Model Phenotype outcome Reference

BBN/oltipraz Nrf2 WT and Nrf2 KO mice 1 BBN-induced bladder 56

carcinogenesis in Nrf2
KO mice, higher incidence
of bladder carcinoma and
invasive carcinoma

Oltipraz | incidence of bladder
carcinoma by BBN in WT
but little effects in KO

Oltipraz T BBN glucuronidation
and decreased the urinary
concentration of a carcinogen
of BBN and counteract the BBN
suppression of UGT1A in the
bladder in WT

DMBA /TPA/SEN Nrf2 WT vs. Nrf2 KO mice 1 skin tumorigenesis in 166

Nrf2 KO mice than WT

Nrf2 and HO-1 |
in skin tumors

SFN significantly inhibits
skin tumorigenesis in
WT but not in KO.

DMBA /TPA/tBHQ Nrf2 WT and transgenic 1 onset, incidence, and 9
mice with multiplicity of DMBA/TPA
overexpression of induced skin papillomas
dominant-negative in K14-dnNrf2 mice

Nrf2 mutant in the
epidermis under
the control of the K14-dnNrf2
DSS Nrf2 WT vs. Nrf2 KO mice Nrf2 KO mice had 80
significantly shorter
colon than Nrf2 WT
mice (p <0.05).
1 DSS-induced colitis, |
HO-1, NQO1, UGT1A1,
GSTM1, 1 proinflammatory
mediators/cytokines:
COX-2, iNOS, iL-1b, iL-6
AOM-DSS Nrf2 WT vs. Nrf2 KO mice 1 colonic tumor vs. 53% 81
Nrf2 WT (p <0.05) in
Nrf2 KO, 1 COX-2,
5-LOX, PGE,, LTBy,
inflamed colonic mucosa
(nitrotyrosine expression)
1 NQO1, UGT1A1 in WT mice
AOM/DSS Nrf2 WT and Nrf2 KO mice DSS treatment significantly 122
increased ACF,
inflammation, and
mucosal damage in
Nrf2 KO mice, but
not WT (p <0.05).
1IQ Nrf2 WT and Nrf2 KO mice 1 incidence and multiplicity 85
of hepatocellular adenoma
and carcinoma in Nrf2 KO,
| UGT, and GST activities
as compared to WT

ACF, aberrant crypt foci; AOM, azoxymethane; BaP, benzo[a]pyrene; BBN, N-nitrosobutyl(4-hydroxybutyl)amine; D3T, 3H-1,2-dithiole-
3-thione; DMBA, 7,12-Dimethylbenz(a)anthracene; DSS, dextran sulfate sodium; gpt, guanine phosphoribosyltransferase; GST, glutathione
S-transferase; HO-1, heme oxygenase-1; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; K14, keratin 14; Nrf2, NF-E2-related factor 2; KO,
knockout; NQO1, NAD(P)H:quinone oxidoreductase 1; SEN, sulforaphane; tBHQ, tert-butylhydroquinone; TPA, 12-O-tetradecanoylphorbol-
13-acetate; UGT, UDP-glucuronosyltransferase; WT, wild type.
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ROS, RNS, carcinogens,
chemopreventive compounds

7N

Phase Il
enzymes

Nrf2 KO mice

Nrf2 WT mice

Persisting inflammation &
oxidative stress, DNA adducts

Conjugating toxic reactive
species/carcinogens &
enhancing antioxidant capacity
Genomic instability &
neoplastic transformation Healthy subject
FIG. 5. Schematic presentation showing that Nrf2-
disrupted mice (Nrf2 KO) have a higher susceptibility to
carcinogenesis. The critical role of Nrf2 in protecting mice
from neoplastic transformation when subject to oxidative
stress and carcinogens is intact in Nrf2 WT mice having
functional Nrf2-ARE signaling, by enhancing expression of
detoxifying metabolizing enzymes and maintaining oxida-
tive stress homeostasis by producing antioxidative stress
enzymes. Application of chemopreventive compounds in
Nrf2 WT mice can further enhance expression of phase II
detoxifying and antioxidant enzymes by regulating the Nrf2-
ARE signaling. ARE, antioxidant responsive element; Nrf2,
NF-E2-related factor 2; Nrf2 KO, Nrf2 knockout; Nrf2 WT

mice, wild-type mice with intact Nrf2 function.

more susceptible to DSS-induced colitis and to AOM-DSS-
induced colon carcinogenesis (80, 81). Similar results were
obtained by Kensler’s group when investigating the role of
Nrf2 in prevention of inflammation-associated aberrant crypt
foci (ACF) formation (122). They noted that Nrf2 KO mice
developed significantly higher incidence of colonic tumor
than WT mice. Further, AOM-DSS-treated Nrf2 KO mice
had more severe colitis and higher incidence of prolapsed
rectum and bleeding than WT mice. Therefore, Nrf2 pathway
appears to mediate a strong antiinflammatory response, be-
sides induction of detoxification and antioxidant enzymes as
described above.

Regulation of Nrf2-Target Genes in Transgenic
Adenocarcinoma Mouse Prostate Mice
Prostate Cancer Model

Prostate cancer as a major health concern

Prostate cancer (PCa) remains the top leading cancer types
responsible for 25% of new cancer cases with an estimated
192,280, and is second leading cause of cancer death in men,
estimated 27,360 deaths in the United States in 2009 (64).
Presently, metastatic PCa is not curable and is associated with
a mean survival of 2-3 years. Development of PCa is often
characterized by a relatively long latent period from the pre-
cursor lesions, called prostatic intraepithelial neoplasia (PIN),
to the invasive carcinoma and metastasis that is typically as-
sociated with age and elderly men (1, 26, 86, 91, 96, 115-117,
124, 165). Therefore, to decrease the incidence of PCa, or to
delay the neoplastic development, or to slow the progression
of PCa to late stage aggressive diseases achieved through ei-
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A Colitis-associated CRC in AOM/DSS Model

Genomic instability |Additional genetic alterations>
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Promotion
Initiation DSS 1 colitis, Progression
AOM inflammation & ACF
Normal | ¥ [iiiated | 2 [P | X5 [Neoplastic
epithelial cells neoplastic lesion
cells lesion
| Inflammation & oxidative str[@
B Colitis-associated CRC & Role of Nrf2
i“ - -, THO-1, NQO1,
=L uer asTetc
" lCytokines,
e cox-2,
—. e iNOS etc
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oxidative stress
Normal o Pre- -
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epithelial - cells -> neoplastic > Iesio%
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Prolonged inflammation, oxidative stress
Nrf2 KO => ¢ Genetic instability CRC

FIG. 6. A simplified illustration shows the carcinogenesis
in human CRC and the role of Nrf2 in antiinflammation
and oxidative stress. (A) Pathways that connect inflamma-
tion and CRC in AOM/DSS animal model, a chemical-car-
cinogen-induced CRC model. (B) Role of Nrf2 in protecting
inflammation-associated cancer, showing a potential strategy
for prevention of inflammation-associated cancers. When the
Nrf2 signaling pathway is activated, activation of expression
of phase II antioxidant and detoxifying enzymes such as
HO-1, NQO1, UGT, and GST alike in Nrf2 WT animals can
reduce the oxidative stress, and it is postulated that Nrf2 could
also regulate proinflammatory genes and cytokines such as
iNOS, COX-2, and iL-6 alike, and together, they protect the
animal from developing inflammation-associated cancer, such
as CRC (broken arrows). In contrast, Nrf2 KO animals do not
possess functional Nrf2 and Nrf2 signaling pathway; after
prolonged inflammatory and oxidative stress caused by
AOM/DSS, they have increased incidence, multiplicity, and
size of all colorectal tumors, including adenoma and adeno-
carcinoma as compared with WT animals (solid arrows). ACF,
aberrant crypt foci; AOM, azoxymethane; CRC, colorectal
cancer; DSS, dextran sulfate sodium; GST, glutathione S-
transferase; HO-1, heme oxygenase-1; Nrf2, NF-E2-related
factor 2; Nrf2 KO, Nrf2 knockout; Nrf2 WT mice, wild-type
mice with intact Nrf2 function; NQO1, NAD(P)H:quinone
oxidoreductase 1; UGT, UDP-glucuronosyltransferase.

ther dietary or chemical intervention would be logical and
would be tremendous clinical benefit to hundreds of thou-
sands of men (10). Further, chemoprevention of PCa will be
more cost effective than therapeutics designed to treat/cure
the disease.
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The transgenic adenocarcinoma mouse prostate
mouse model for prostate neoplasia

Development of effective chemopreventive compounds
against these malignancies is important and requires conclu-
sive evidence from animal models that emulate human can-
cers. The transgenic adenocarcinoma mouse prostate (TRAMP)
mouse is an autochthonous transgenic animal model of PCa
that recapitulates the whole spectrum of human prostate
tumorigenesis from the earliest PIN lesions to androgen-
independent disease (71).

The TRAMP model was originally developed in Norman
Greenberg’s laboratory using the minimal prostate specific rat
probasin promoter to drive expression of the simian virus 40
(SV40) early region tumor antigen-coding region (T, t; large T
and small t antigens) specifically in prostatic epithelium (40).
The tumor (T) antigens have the ability to induce transfor-
mation in vivo (19) and have been used successfully in trans-
genic mice to induce a transformed state in a variety of
systems, including pancreas (45), mammary gland (152), and
others [reviewed in Adams and Cory (2)]. The large T antigen
acts as an oncoprotein through interaction with and inhibition
of retinoblastoma (Rb) and p53 tumor-suppressor gene
products, whereas the small t antigen interacts with a protein
phosphatase (40). At first glance, it appears that this artifi-
cially expressed SV40 trangene oncogene may not be an ap-
propriate model for human PCa; however, given that the
loss of WT p53 and Rb has been implicated in the develop-
ment and progression of PCa (17, 135, 139, 160), this would
seem logical. The TRAMP mice express the T antigen onco-
protein by 8 weeks of age and develop distinct pathology
in the epithelium of the dorsolateral prostate by 10 weeks
of age. TRAMP mice are first observed to develop mild epi-
thelial hyperplasia between 8 and 12 weeks of age. Lymph
node metastases can be detected between 18 and 24 weeks
of age, and pulmonary metastases were frequently identi-
fied by 24 weeks of age. By 28 weeks of age, 100% of the
TRAMP mice harbor metastatic PCa in the lymph nodes or
lungs (39).

Therefore, the TRAMP model may provide a consistent
source of primary and metastatic tumors for histopathobio-
logical and molecular analysis to further define the earliest
molecular events involved in the genesis, progression, and
metastasis of PCa (38). Further, as seen in human PCa,
TRAMP mice develop androgen-independent PCa after cas-
tration (38). Overall, the TRAMP model exhibits many simi-
larities to human PCa, including epithelial origin, progression
from the PIN stage to adenocarcinoma, and metastasis by a
transgene that is hormonally regulated by androgen (38—41),
so that it serves as a suitable model (114) (Fig. 7A). PCa, just
like CRC, has a critical component of inflammation in the
prostate carcinogenesis as well (116, 124). Specifically, for
example, immunotherapy consisting of irradiated tumor cell
vaccine and anti-CTLA-4 antibodies has been shown to
markedly decrease the incidence of prostate tumors in
TRAMP mice (55). CTLA-4 is a T cell surface antigen that
plays an important role in attenuating T cell activity, and mice
treated with anti-CTLA-4 antibodies were found to display a
robust immune response to a variety of antigens (98). The
same group has continued this work and found that in-
deed TRAMP mice allowed the functional identification of
immunogenic prostate tumor antigens with relevance for
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A The pathogenesis of human PCa
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FIG. 7. A simplified illustration shows the pathogenesis
in human PCa and the role of Nrf2 in TRAMP PCa model.
(A) Normal prostatic epithelial cells may be subjected to the
chronic inflammation and oxidative stress in addition to
other factors such as aging and diets. For more detailed
molecular pathogenesis of PCa, please refer to Nelson ef al.
(117). As found in CRC, inflammation is believed to be one of
the key events before the formation of PCa, and proliferative
inflammatory atrophy is a precursor to PIN and PCa. (B) The
TRAMP mouse is an autochthonous transgenic animal
model of PCa that recapitulates the whole spectrum of hu-
man prostate tumorigenesis from the earliest PIN lesions to
androgen-independent disease (71). Without chemical or
hormonal treatment, 100% of male TRAMP develops PCa
and progress from PIN to histological cancer to carcinoma
metastasis to lymph nodes, lungs, and occasionally bones
sequentially over 12-28 weeks (39, 40). A schematic illus-
tration of the putative role of inflammation and oxidative
stress and their effect on Nrf2 and related phase II detoxi-
fying and antioxidant enzymes in prostate carcinogenesis in
TRAMP mice. Effective chemopreventive compounds such
as COX-2 inhibitors and gamma tocopherol-enriched mixed
tocopherols significantly downregulated proinflammatory
genes and upregulated expression of Nrf2 and its related
detoxifying and antioxidant enzymes, respectively, prevent-
ing PCa carcinogenesis in TRAMP mice, especially when
they are given early before the formation of PIN. CRC, co-
lorectal cancer; Nrf2, NF-E2-related factor 2; PCa, prostate
cancer; PIN, prostatic intraepithelial neoplasia; TRAMP,
transgenic adenocarcinoma mouse prostate.
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human immunotherapy (32). Further studies with the
TRAMP model by Gupta ef al. have demonstrated a remark-
able reduction in the rate of prostate tumorigenesis and me-
tastasis formation between TRAMP mice fed a control diet
and those fed a diet supplemented with the COX-2 inhibitor
celecoxib (100% vs. 25% and 65% vs. 0%, respectively) (42).
These findings suggest a critical role of proinflammatory en-
zyme COX-2 in PCa development and progression in the
TRAMP model (Fig. 7B).

Nrf2 and GSTs are downregulated in human and
TRAMP PCa and regulation of Nrf2-target genes in
TRAMP mice by chemopreventive compounds

Importantly, it has been found that from a meta-analysis on
10 human PCa gene expression studies (35), Nrf2 and mem-
bers of GSTmu are extensively decreased statistically. Using
the TRAMP transgene and Rb and Nrf2 KO mouse models,
the same group has also demonstrated that the loss of Nrf2
initiates a detrimental cascade of reduced GST expression,
elevated ROS levels, and ultimately DNA damage associated
with tumorigenesis. Our laboratory has also found that tumor
progression in TRAMP occurred with a significant suppres-
sion of antioxidant enzymes such as catalase, superoxide
dismutase, glutathione peroxidase, HO-1, and phase II de-
toxification enzymes, supporting the relevant use of TRAMP
in examining Nrf2-related pathways in human PCa (12).
Curcumin and phenethyl isothiocyanate alone or in combi-
nation significantly decreased the incidence of PCa tumor
formation (11), by downregulating Akt signaling pathway,
which later was also found in the TRAMP mice treated with
broccoli sprout, a rich source of SFN (78). Again, the impor-
tant role of Nrf2 pathway for effectiveness of SEN in pre-
venting PCa is confirmed in TRAMP mice by inducing
expression of Nrf2 and HO-1, along with other apoptotic
proteins and suppressing Akt-dependent pathways in the
prostate of TRAMP mice. Increasing evidence points out that
the Akt-dependent signaling regulatory proteins are critical
regulators of prostate tumorigenesis in vivo (21, 37, 151).
Our latest data present the first experimental evidence that
inhibition of Akt signaling pathway might be an important
cellular mechanism for prevention of prostate tumor growth
in TRAMP mice by broccoli sprout. The data also suggest
that both the activation of Nrf2 pathway and the inhibition
of Akt are required for effective prevention of PCa growth
in TRAMP mice (78). Our current understanding of the in-
terplays between Nrf2 and other signaling pathways is in-
complete; research is undergoing to shed more light on this
aspect.

TRAMP model has been used extensively to evaluate
agents against PCa by various chemopreventive compounds,
including difluoromethylornithine (43), R-flurbiprofen (163),
toremifene (130), green tea (3, 44), genistein (158), and non-
steroidal antiinflammatory drugs, celecoxib and exisulind (42,
114), silibinin (131), phenethyl isothiocyanate and curcumin
(11), and methyl selenium (159). Most recently, we found that
gamma tocopherol-enriched mixed tocopherols suppressed
PIN and tumor development in the TRAMP mice, upregulated
expression of Nrf2, and induced phase II detoxification and
antioxidant enzymes (12). Again, these findings substantiate
the important role of Nrf2 pathway in cancer prevention, at
least, in TRAMP mice, by chemopreventive agents (Fig. 7B).
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Potential epigenomic regulation of Nrf2
in TRAMP mice

The currently accepted paradigm of the regulation of Nrf2
signaling appears to be mainly achieved via posttranslational
mechanism, as discussed previously. Briefly, Nrf2 is func-
tionally suppressed by Keapl protein, which binds to and
sequesters Nrf2 in the cytoplasm leading to the degradation of
Nrf2, and thus prevents Nrf2 to translocate into nucleus to
activate its targeted genes (102). When stimulated by oxida-
tive stress or upstream kinases, the ubiquitination and the
proteosomal degradation of Nrf2 are impeded and Nrf2 is
being released from Keapl, translocates into the nucleus, can
dimerize with Maf proteins, binds to ARE, and transcrip-
tionally activates the Nrf2-targeted genes. To date, it is not
clear as how expression of Nrf2 in human PCa or in TRAMP
mouse tumor is suppressed. However, our most recent
studies indicate that expression of Nrf2 is epigenetically si-
lenced by DNA hypermethylation in TRAMP prostate tumor
(173), which warrants further studies.

Interplay Between Inflammation and Nrf2 Pathways

Dysfunctional Nrf2 signaling /suppression of Nrf2 in aging
TRAMP mice (Fig. 7B) appears to be similar to the Nrf2 KO
mice (Fig. 5) and causes a persisting chronic inflammation
(Fig. 6B) with increased oxidative stress, and eventually could
contribute to and driving carcinogenesis if other factors are

ROS, RNS, carcinogens,

Endoplasmic
l reticulum
stress

Cytokines, COX-2,
iNOS etc

HO-1, GST,
NQO1 etc

FIG. 8. A simplified scheme illustrating the interplay
between Nrf2 and NF-«kB leading to carcinogenesis/
chemoprevention. Stimuli from ROS, RNS, and chemo-
preventive compounds could directly interact with members
of upstream kinase signaling pathways such as PI3K, PKC,
MAPK, and PERK, especially the MAPKs family, as well as
interacting with Nrf2 and NF-«xB pathways concurrently, the
potential cross-talk between Nrf2 and Nf-«B is denoted by
double-head arrows. Such multiple interactions allow chemo-
preventive compounds to exert their multiple beneficial
cancer preventive properties. MAPK, mitogen-activated
protein kinase; NF-«xB, nuclear factor-kappa-B; Nrf2, NF-
E2-related factor 2; PERK, PKR-like endoplasmic reticulum
kinase; PI3K, phosphatidylinositol 3-kinase; PKC, protein
kinase C; ROS, reactive oxygen species; RNS, reactive ni-
trogen species.
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present. Interplay between Nrf2 signaling pathway and
inflammatory pathway has recently be reviewed (82, 101).
Increasing evidence has shown that Nrf2 could play an im-
portant role in defense against oxidative stress possibly by
activation of cellular antioxidant machinery as well as sup-
pression of proinflammatory signaling pathways. In addi-
tion, in vivo and in vitro data suggest that many dietary
chemopreventive compounds can differentially regulate Nrf2-
mediated antioxidant/antiinflammatory signaling pathways
as the first line defense or induce apoptosis once the cells have
been damaged (101), and many other pathways can also
regulate Nrf2, including a wide variety of kinase signaling
pathways such as MAPKs, PI3K, PI3K, and PERK as dis-
cussed earlier in regulation of Nrf2 signaling by other
pathways section (65, 138). Many signaling pathways are
involved in the cytokines and inflammatory response, such
as nuclear factor-kappa-B (NF-«xB) (30, 127) and MAPKs
(155) pathways. Many chemopreventive compounds that act
through Nrf2 pathway are also having antiinflammatory
activities (82, 83, 101). As an initial study, we explored the
relationship between Nrf2 and NF-«B, a key transcriptional
factor involved in inflammatory response (111). Our bioin-
formatic analysis of the promoter regions of Nrf2 and NF-«xB
genes reveals that 75% of the members in the regulatory
network are MAPKSs, which appears to be consistent with the
current role of MAPKs in modulation of both Keap1-Nrf2-
ARE (63, 137, 144, 170, 175) and NF-«B signaling pathways
(27, 110). Collectively, we are presenting a simplified model
for the potential concerted modulation of Nrf2 and NF-«B in
inflammation and carcinogenesis via upstream MAPKs
pathway (Fig. 8).

Conclusion and Future Perspective

Many oncogenic transcription factors can be targeted for
preventing cancer from forming (22), and Nrf2 is one of the
very promising target as evidenced from the findings of in-
creased Nrf2-dependent susceptibility in Nrf2 KO mice to
various chemical-carcinogen-induced cancers and the effec-
tiveness of chemopreventive compounds to inhibit carcino-
genesis in the counterparts Nrf2 WT mice (with intact Nrf2
function) (Table 1). In addition, the role of Nrf2 in carcino-
genesis of PCa in TRAMP mice appears to be implicated with
the downregulation of expression of Nrf2 and its target genes
(12), which can be explained in part via epigenetic mechanism
(173). Epigenetic is also modulating the CRC carcinogenesis
(104). A variety of antioxidants and antiinflammatory drugs,
which are likely to be capable of attenuating procarcinogenic
genomic damage from ROS and reactive nitrogen species, are
also under current development for PCa prevention (10, 115).

On the other hand, Nrf2-regulated high expression of phase
II/antioxidant enzymes during chemotherapy might be one of
the major causes of ineffectiveness of chemotherapeutic
agents, and such dark side of N1f2 has been reviewed recently
by Zhang’s group (97). As we progress with future studies,
optimization of the timing of when to give chemopreventive
compounds to patients in lieu of the potential dark side of
Nrf2 in cancer chemoresistance would need to be considered,
in particular with many advanced tumors that are resistance
to radiation and chemotherapeutic drugs. Nevertheless, the
studies using Nrf2 KO models have clearly shown the pro-
tective role of Nrf2 in cancer prevention particularly during
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the earlier phases of initiation of carcinogenesis. The dark side
of Nrf2 would need further investigation, and may depend on
the animal models and the compounds tested. It is believed
that basal Nrf2 is indeed a carcinogenesis protective tran-
scriptional factor under normal physiological conditions
when it is functioning properly. However, the high levels of
Nrf2 as well as many other drug resistance genes, tumor on-
cogenes, and growth factors found in malignant tumors will
need further integration and investigation in terms of trans-
lating to patients.
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Abbreviations Used

ACF =aberrant crypt foci
AOM = azoxymethane
ARE = antioxidant responsive element
BaP =benzola]pyrene
BBN = N-nitrosobutyl(4-hydroxybutyl)amine
bNLS = bipartite nuclear localization signal at
the basic region
BTB =broad complex, tramtrack, and bric a brac
bZip =basic-leucine zipper
CNC=Cap 1’ Collar
CRC = colorectal cancer
CTR = C-terminal region
D3T = 3H-1,2-dithiole-3-thione
DGR =double glycine/Kelch repeat region
DLG = (formulated as) L-X-X-Q-D-X-D-L-G
DMBA =7,12-dimethylbenz(a)anthracene
DSS = dextran sulfate sodium
EGFP = green fluorescence protein

ERK2 = extracellular signal-regulated protein kinase 2

ETGE = (formulated as) D/N-X-E-T/-S-G-E
fNrf2 = free-floating Nrf2
gpt = guanine phosphoribosyltransferase
GST = glutathione S-transferase
HO-1 =heme oxygenase-1
IQ =2-amino-3-methylimidazo[4,5-f]quinoline
IVR =intervening region
JNK1 = c-Jun NH(2)-terminal kinase-1
Keapl = Kelch-like ECH-associated protein 1
kNrf2 = Keapl-binding Nrf2
Maf = musculoaponeurotic fibrosarcoma
MAPKSs = mitogen-activated protein kinases
Neh =Nrf2-ECH homology
NES =nuclear exporting signal
NESra = nuclear exporting signal at transactivation
(TA) domain
NESzip =nuclear exporting signal in the ZIP
dimerization domain
NF-xB = nuclear factor-kappa-B
NLS = nuclear localization signal
NLS¢ =monopartite NLS at the carboxyl-terminus
NLSy = monopartite NLS at the amino-terminus
NQO1 =NAD(P)H:quinone oxidoreductase 1
Nrf2 = NF-E2-related factor 2
Nrf2 KO =Nrf2 knockout
Nrf2 WT = wild-type mice with intact Nrf2 function
NTR = N-terminal region
PCa = prostate cancer
PERK =PKR-like endoplasmic reticulum kinase
PI3K = phosphatidylinositol 3-kinase
PIN = prostatic intraepithelial neoplasia
PKC = protein kinase C
Rb =retinoblastoma
RNS =reactive nitrogen species
ROS = reactive oxygen species
SEN = sulforaphane
S5V40 = simian virus 40
tBHQ = tert-butylhydroquinone
TPA = 12-O-tetradecanoylphorbol-13-acetate
TRAMP = transgenic adenocarcinoma mouse prostate
Ub = ubiquitination
UGT = UDP-glucuronosyltransferase
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